The sequence of the structural gene encoding the LegioneUla pneumophila extraceilular zinc metalloprotease has been determined and was found to possess a single large open reading frame (ORF) of 1,629 nucleotides (nt). This ORF was preceded by consensus promoter (TTAACT ... 17 nt ... TATAAC) and ribosomebinding (TAAGGAG) sequences. The deduced polypeptide contained a putative signal sequence and a total of 543 amino acid residues with a computed molecular size of 60,775 daltons, substantially larger than the observed 38,000 daltons of the native and recombinant proteins. A homology search revealed extensive amino acid identity with Pseudomonas aeruginosa elastase, a protein that is also encoded by an ORF substantially larger than that predicted for the mature size of the protein. The structural identity between the L. pneumophila protease and P. aeruginosa elastase was most pronounced in the regions forming the enzymatic active site of elastase. Amino acid residues constituting the active-site cleft of elastase were greater than 75% conserved. Elastase residues that interact with and mediate proteolysis of substrate peptides were 100% conserved. Competitive inhibitors of elastase and the structurally and functionally related thermolysin (phosphoramidon and a phosphoramidate analog, Z-Glyp(O)Leu-Ala), were shown to be equally potent at inhibiting the proteolytic activity of the L. pneumophila protease. These inhibitor studies along with the amino acid sequence similarities provide strong evidence that the L. pneumophila protease and P. aeruginosa elastase share a similar molecular mechanism of proteolysis.
The extracellular protease of Legionella pneumophila is a 38,000-dalton zinc metallo enzyme that may play a role in the pathogenesis of Legionnaires disease (2, 31) . Proteolytic activity of purified preparations has been demonstrated against a broad spectrum of substrates, including collagen, gelatin, casein (7), alpha-1-antitrypsin (8) , and bovine insulin (12) . Collagenase activity has been demonstrated in vitro and in vivo after instillation of a partially purified extract of the protease into the lungs of experimental animals (2) . Similar preparations also manifest cytotoxicity against a variety of eucaryotic cells, including McCoy, HeLa, rhabdomyosarcoma, baby hamster, and green monkey kidney cells, human embryonic lung fibroblasts (21) , and Chinese hamster ovary (CHO) cells (13) . These experimental results suggest that the protease might be multifunctional.
The proteolytic activity of the L. pneumophila protease is dependent on a single molecule of zinc per protein molecule (10, 12) and is inhibited by metal chelators such as disodium EDTA and o-phenanthroline but not by serine and thiol protease inhibitors such as phenylmethylsulfonyl fluoride and dithiothreitol, respectively (10, 11) . These observations, and the pH optimum of the proteolytic activity, led Dreyfus and Iglewski to suggest that the L. pneumophila protease resembles the class of neutral zinc-containing metalloproteases found in several other bacterial species (10) . This contention was supported by Gul'nik et al., who reported an amino acid composition for the L. pneumophila protease similar to that of the bacterial zinc metalloprotease thermolysin and found that the L. pneumophila protease exhibited a preference for a substrate cleavage site with an adjacent hydrophobic amino acid residue (11) . This feature has been observed for other bacterial zinc metalloproteases (M. Thayer and D. McKay, in press). The cytotoxic activity of the L. pneumophila protease preparations is also inhibited by metal-chelating agents, suggesting to Belyi et al. that cytotoxicity might be a function of proteolysis (3) .
To clarify the relationship between the L. pneumophila protease and the bacterial metalloproteases and to further define the relationship between the L. pneumophila proteolytic and cytotoxic activities, we have undertaken a genetic analysis of the protease. The gene encoding the zinc metalloprotease has been localized to a 2.0-kilobase (kb) cloned fragment of the L. pneumophila chromosome that expresses a single 38,000-dalton protein when cloned into Escherichia coli (20) . Transposon insertion inactivation experiments performed in E. coli containing the cloned fragment demonstrate that insertions that abolish proteolysis of casein and gelatin also eliminate the cytotoxic effects on CHO cells and the hemolytic activity on canine erythrocytes (20) . Among Legionella species tested for these activities, only the L. pneumophila strains were shown to display all of these activities and to contain the cloned protease DNA (19) . We now report the DNA sequence and deduced amino acid sequence for the protease gene and describe active-site competitive inhibitor studies that indicate that the L. pneumophila protease is structurally and functionally similar to the zinc metalloprotease Pseudomonas aeruginosa elastase.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli strain DH5o (20) served as host for recombinant plasmids. E. coli were grown in L broth prepared as described by Maniatis et al. (15) . Where appropriate, ampicillin (Sigma Chemical Co., St.
L. PNEUMOPHILA PROTEASE 2609 Louis, Mo.) was included in bacterial cultures at 100 ,ug/ml. L. pneumophila DNA encoding the protease was derived from pSP106 (20) . Plasmid pBluescriptll (Stratagene, La Jolla, Calif.) was used for subcloning of L. pneumophila DNA. Plasmids were prepared for both restriction mapping and sequence analysis by the alkaline lysis method of Birnboim and Doly (5) and by cesium chloride isopycnic centrifugation as previously described (15) . Restriction enzymes, ligase, and agarose were purchased from Bethesda Research Laboratories, Inc. (Gaithersburg, Md.). All other salts and ancillary reagents were purchased from Sigma.
Restriction analysis and plasmid constructions were done by standard techniques as outlined by Maniatis et al. (15) .
DNA sequence analysis. The DNA sequence of the cloned Legionella DNA was determined from double-stranded plasmid templates by dideoxy-chain termination (22) 4°C for 10 min with agitation. Cells were pelleted again, and supernatant was filtered through a 0.45-tim-pore-size filter and concentrated 10-fold with an Amicon miniconcentrator. Native protease was isolated as previously described (20) from culture supernatant of L. pneumophila Philadelphia 1 (20) grown in buffered yeast extract broth (20) by filtering and concentrating as for the recombinant protease purification. Proteolytic activities of native and recombinant L. pneumophila protease, P. aeruginosa elastase (a gift from D. McKay), thermolysin, and chymotrypsin (Sigma) were spectrophotometrically determined in the hide powder azure proteolysis assay of Dreyfus and Iglewski (10). Proteases were added to hide powder azure (Sigma) suspended in 1 ml of 25 mM NaH2PO4 (pH 6.0) (assay buffer) in polypropylene tubes. After incubation at 37°C for 30 min with agitation, tubes were chilled to 0°C and centrifuged for 5 min at 1,000 x g. Supernatants were measured spectrophotometrically at A595 for dye release. Inhibitor activity was measured by preincubating proteases with inhibitors suspended in assay buffer for 60 s before incubation with the hide powder azure substrate. The inhibitors phosphoramidon (16) and phenylmethanylsulfonyl fluoride were purchased from Sigma. Z-Glyp(O)Leu-Ala was a generous gift from P. A. Bartlett (1) .
RESULTS AND DISCUSSION Nucleotide sequence of the protease gene. A 2.0-kb region of L. pneumophila chromosomal DNA cloned in pSP106 has been defined by transposon mutagenesis to encode the protease gene (20) . This coding region is flanked by BglII and Sa/l restriction sites and transected by an EcoRI site. DNA encompassing this 2.0-kb region was subcloned from pSP106 into pBluescriptlI as two separate fragments, a BglII-EcoRI fragment and an EcoRI-Sall fragment, to form sequencing substrates pLEG2 and pLEG1, respectively.
We determined the sequence of this L. pneumophila DNA and found only one open reading frame, ORF1, of sufficient size to encode the 38,000-dalton mature protease (Fig. 1) . The ORF1 nucleotide content was 61% A+T, consistent with the overall 61% A+T of the L. pneumophila chromosome (6) . The first ATG codon of ORF1 was found 9 nucleotides (nt) 3' of a 7-nt ribosome-binding site (24) . The deduced polypeptide, PEP1, commencing with the first ATG codon of ORF1, would have 543 amino acids and a computed molecular size of 60,775 daltons. Though this is significantly larger than the 38,000 daltons previously reported for the mature L. pneumophila protease (10), our transposon insertion mutagenesis studies indicate that the entire ORF1 region is necessary for protease expression (20) .
Homology with bacterial neutral proteases. A tfasta (9) polypeptide homology search of the GenBank data base provided a new perspective on this disparity between ORF and polypeptide size. This search revealed substantial similarity between PEP1 and the amino acid sequence of the secreted virulence determinant elastase, produced by the opportunistic human pathogen P. aeruginosa (Fig. 2) . Elastase is a zinc metalloprotease that mediates tissue destruction during Pseudomonas infection (33) and possesses a broad substrate specificity that includes elastin, fibrin, collagen, complement, and human immunoglobulin (33) . Elastase is also translated from an oversized ORF, containing a deduced 498 amino acids, and processed during export at Ala-198 to a mature polypeptide of 300 amino acids (4) . Recently, the first 10 amino-terminal amino acids of the mature L. pneumophila protease have been determined (P. Hoffman and J. Sayer, personal communication). These correspond to the deduced amino acid sequence of PEP1 starting at Glu-208. The computed molecular weight for a 335-amino-acid residue protein commencing with Glu-208 would be 37,826, close to the observed value of 38,000 for the mature Legionella protease (10) .
Such disparity between ORF size and mature protein length is typical in the family of bacterial zinc metalloproteases to which elastase belongs. Structurally related proteases from Bacillus amyloliquefaciens, Bacillus stearothermophilus, Bacillus cereus, Bacillus subtilis, Bacillus thermoproteolyticus, and Serratia marcescens are also each processed to mature forms of about three-fifths the length predicted from their ORFs (4, 14, 17, 25, 27, 29, 34) . The Bacillus proteases and Pseudomonas elastase all possess a putative signal sequence encoded at the 5' ends of their full ORFs (4, 14, 26, 29) . The B. amyloliquefaciens neutral protease signal sequence has been shown to functionally promote export of fusion proteins from B. subtilis (23, 28) . The Legionella PEP1 also contains a suitable signal sequence at the amino terminus of its deduced precursor form (Fig. 2) .
The crystal structure of Pseudomonas elastase has recently been determined to 0. aaaaaattaatgaaaaattataggggaatat.acaaacctgggcactccaggaagagtt press), are also conserved in PEP1 as Tyr-398 and His-469. The identities of, as w'ell as the spacing between, these zinc ligand, protonating glutamic acid, and substrate-stabilizing residues are conserved. General structural motifs are also conserved. In elastase, the active site is bounded by two antiparallel helices, Leu-332 to Glu-345 and Gln-355 to Met-375 (Thayer and McKay, in press). In PEP1 there is 77% homology with elastase in amino acid residues lined up with the first helix and 75% homology in the second (Fig. 2) . Within these helices, there is 100% homology between elastase and the PEP1 residues that would face in to the active site. Moreover, three of the three substitutions in the first helix and three of the five substitutions in the second helix conserve side group size or charge. In addition, the two helices are connected by an identical number of amino acid residues in both proteins.
In three of the four regions where we have introduced gaps in the elastase sequence to optimize alignment (Fig. 2) , the crystal structure of the mature elastase contains loops of amino acid residues that are thought to have no catalytic role (Thayer and McKay, in press). Thus, the additional residues in the analogous regions of a mature PEP1 should have little effect on catalytic activity of the protease. The additional PEP1 residues introduced between elastase residues Lys-389 and Gly-390 should also have little effect on proteolytic activity, since the structurally similar thermolysin likewise has additional residues in this region (25; Thayer and McKay, in press).
Competitive inhibitor studies. The similarities in amino acid sequence of the proteases prompted us to more directly compare' the active-site conformation' by using protease inhibitors. Two active-site competitive inhibitors of elastase and the structurally and functionally related thermolysin were selected: phosphoramidon (16) and a phosphoramidate analog, Z-Glyp(O)Leu-Ala (1) . These competitive inhibitors, which are structure-specific probes 'for the elastase and thermolysin active-site conformation, were equally potent in inhibiting proteolysis by elastase, thermolysin, and the L. pneumophila protease (Fig. 3) . In contrast,' the competitive inhibitors had little effect on the serine protease chymotrypsin, and the serine protease inhibitor phenylmethylsulfonyl fluoride had little effect on the L. pneumophila protease. These inhibitor studies provide strong evidence that the amino acid sequence similarities of the L. pneumophila protease and Pseudomonas elastase reflect actual conformational homology of the active site.
This structural and functional similarity of the L. pneumophila protease to Pseudomonas elastase will enable us to test specific amino acid residues of the L. pneumophila protease for their contribution to proteolysis. This, in turn, will allow (26) .
The specific function and adaptive significance of the neutral proteases of soil and water microbes such as Bacillus, Pseudomonas, and Legionella species are unclear. Genetic studies have indicated that the neutral proteases are not necessary for Bacillus growth, morphology, or sporulation (34) . It is possible that the primary function of these proteases in soil or water ecosystems is to scavenge nutrients for the bacteria. The L. pneumophila protease could also assist the organism in its intracellular parasitism of amebae (12) . The adaptive significance of the L. pneumophila protease and P. aeruginosa elastase in human infections is likewise unclear. Though these proteases may contribute to the pathogenesis of disease, their contribution to L. pneumophila and P. aeruginosa fitness in human hosts is not yet defined.
The availability of the L. pneumophila protease structural gene will now allow us to address a host of issues regarding the protease, including the regulation and processing of the protein,. the role of specific amino acid residues in proteolysis, the role of proteolysis in cytotoxicity and hemolysis, and the contribution of the protease to L. pneumophila fitness in parasitism of amoebae and in experimental animal infections.
